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Abstract 
Certain soluble heavy metals are known to accumulate in the human body, resulting in (inter alia) toxicity to the kidney, liver, 
lungs, brain, heart and central nervous system. Water quality sensors can monitor small changes in water quality properties such 
as pH, TOC, turbidity, temperature, free chlorine concentration, and alkalinity. Heavy metals neither react with free chlorine nor 
consist of organic carbon; therefore, unless the solubility threshold is surpassed, the contaminant presence is distinguishable only 
by a change in the pH value. This characteristic makes the detection of heavy metal contamination events relatively tricky.  
 
In this work, a detailed aquatic chemistry multi-species model was developed within EPANET-MSX for the purpose of 
simulating the changes in water quality induced by cadmium contamination events. The model was applied on an example 
application network and the possible effects of various contamination events were explored. 
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1. Introduction 
Several possible sources exist for contamination of drinking water with heavy metal. For example, industrial 
leaks, polluted air dissolution and dissolution of impurities encountered in water distribution systems (e.g. zinc from 
galvanized pipes). In addition, heavy metal contamination events might be intentional, i.e. the result of water 
security events. Due to their toxicity, heavy metal concentrations are often restricted in water quality guidelines to 
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several Pg/L. For example, the World Health Organization (WHO) set a recommendation for a cadmium 
concentration threshold of 0.003 mg/L [1], and the Israeli upper limit is 0.005 mg/L. Normally, water quality sensors 
analyze physical and chemical parameters such as pH, alkalinity, turbidity, conductivity and free chlorine 
concentration, while the concentrations of heavy metals are not monitored and are difficult to detect, especially at 
low concentrations. For example, dissolved cadmium concentration is usually analyzed by sophisticated laboratory 
equipment (i.e. EAAS, ICP and ICP/MS). Accordingly, detecting water security events associated with heavy metal 
contamination is challenging, as evidenced from the fact that despite its obvious importance to the public health, 
online detection methods for heavy metal events are normally not implemented.  
Modeling of water quality in the distribution system for detection and prevention of water security events has thus 
far focused mainly on single species modeling assuming zero order kinetics (i.e. preservative species) or first order 
kinetics, such as chlorine decay. The EPANET-MSX [2] software enables the modeling of multiple constituents 
throughout the water distribution system (WDS). The chemical reactions between the constituents are described by 
differential-algebraic equations and are solved by numerical methods. In earlier studies differential-algebraic 
equations were used, for example, for simulating the changes in residual chlorine concentrations as a result of 
microbial contamination events [3], arsenic contamination event [4], trihalometane formation [5], and for 
formularizing the reaction kinetics of organophosphates in WDS conditions while including measurable parameters 
such as pH, alkalinity and free chlorine concentration [6]. The model developed in the latter work had been 
extended, in order to utilize it for investigating the optimal location of water quality sensor [7]. To date, water 
quality models do not include heavy metal contamination events and their possible effect on other water quality 
parameters. 
The current work focuses on modeling cadmium contamination events under WDS conditions by calculating the 
predicted effect that such an events has on other, relatively easily measured chemical parameters, namely on pH and 
alkalinity. The model considers both chemical reactions and hydraulic conditions prevailing in representative WDS. 
 
2. Model formulation 
The target of the presented model is to simulate the changes in water characteristics as a result of events of 
cadmium (Cd2+) penetration to WDS and to compare them to the water characteristics in the base condition, i.e. 
without the Cd2+ intrusion. Explicit water chemistry was used to describe the water quality in both cases and at all 
times in the WDS in order to accurately evaluate the expected changes. It was assumed that cadmium ions can be 
introduced to the system in the form of CdCl2 at any chosen location.  
In the developed model most of the relevant reactions take place within the aqueous phase, and therefore 
equilibrium was assumed to be attained immediately. That is, the model is mainly based on thermodynamic 
considerations. However, introduction of a considerable mass of CdCl2, into the WDS might result in conditions of 
super-saturation with respect to solid CdCO3 (otavite), and therefore solid-aqueous equilibrium must also be 
considered. It is well known that precipitation reactions of certain minerals may be time-dependent, as the nucleation 
step is often inhibited by various conditions. Therefore, the kinetics of CdCO3(s) precipitation should be accounted 
for. However, as stated in [8] studies regarding the crystallization kinetics of CdCO3 are scarce. In the current model, 
the rate of CdCO3 precipitation was assumed to follow the results of [8] who showed that for a solution 
representative of clear drinking water (i.e. pH 8.1, alkalinity of ~ 100 mg/L as CaCO3, Na+ concentration between 
1.21 and 2.26 mM and no suspended solids in the solution), nucleation began at low saturation values and could be 
described by a pseudo second order equation. In the current model it was assumed that solid CaCO3 does not settle 
and the precipitation does not take place on the pipe walls but rather in the solution volume. Therefore, the formed 
CaCO3 is suspended in the solution and transported by advection with the water. Consequently, solid CaCO3 may be 
transported to areas in the WDS where under-saturation conditions prevail, which leads to its dissolution. The 
dissolution kinetics was assumed to follow the same rate as the precipitation (with a negative sign). 
Inorganic carbon, found in natural drinking water, is distributed between three species of the carbonate weak-acid 
system: H2CO3*, HCO3- and CO3-2. The water pH value is primarily governed by the carbonate weak-acid system, 
i.e. the distribution of these three species. In addition, drinking water contains varying concentrations of dissolved 
cations (e.g. magnesium, calcium and also sodium), often denoted as dissolved metals; and anions (e.g., chloride, 
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HCO3-, sulfate, etc.), denoted ligands. The metals and ligands in the solution react to form complexes (often called 
ion pairs); the complexes considered in the model are detailed in Table 1. Obviously, the formation of complexes 
also affects the pH value. Finally, drinking water often contains a disinfection agent. The most commonly used 
disinfection agent is free chlorine (hypochlorous acid and hypochlorite ion). Hypochlorous acid (HOCl) and the 
hypochlorite ion (OCl-) also form a weak-acid system. However, since the total concentration of free chlorine 
(denoted Cl2T) is very low it has a negligible effect on the pH. Nevertheless, in the current model, in order to have an 
accurate description of the solution, the effect each component has on pH and alkalinity was calculated explicitly, as 
detailed below.  
All equilibrium constants used in the model were corrected according to the ionic strength (denoted I). For this 
purpose, the ionic strength and activity coefficients were calculated via Eq. (1) and Davis equation, respectively. 
Obviously, in order to calculate the ionic strength, the concentrations of all ions must be known.  
2
i iI=0.5 C Z¦    (1) 
Where, Ci is the concentration of ion i (M), and Zi is the charge of ion i. 
The alkalinity was determined with respect to five reference species: H2CO3*, HOCl, Ca(II), Mg(II) and also 
Cd(II): 
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Where the alk units are in eq/L and all the species concentrations are in mol/L. The metals Ca(II), Mg(II) and 
Cd(II) are represented by Me(II). The term complexes¦  represents the sum of all complexes involving reactions 
between any of the metals mentioned above and acid-base related ligands, such as OH-, HCO3- etc., as described in 
the following equation:  
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From this list of complexes it is obvious that the introduction of CdCl2 into the water influences the pH, as Cd(II) 
reacts with OH-, HCO3- and CO3-2. However, since Cd(II) is defined as one of the reference species in the alkalinity 
equation, its introduction to the solution does not alter the alkalinity.  
The decay of free chlorine was assumed to follow a first order kinetics, where 
2
-14dClk  [6]. The decay rate 
remains constant, regardless of the presence of cadmium, since hypochlorous acid does not react with cadmium. 
Hypochlorite decay decreases the alkalinity and also the pH value. This is accounted for by considering the 
alkalinity with respect to hypochlorous acid (Eq. (2)). Similarly, in case CdCO3 (otavite) precipitates the alkalinity is 
reduced. 
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Table 1. Stability constants for the metal-ligand complexes considered in the model. Values shown correspond to logE , taken from minteq V4 
database in [9] 
 CO32- SO42- Cl- OH- 
Cd2+ CdCO3 
Cd(CO3)3-2 
CdHCO3+ 
4.36 
7.23 
10.69 
CdSO4 
Cd(SO4)2-2 
2.46 
3.5 
CdCl+- 
CdCl2 
CdCl3- 
CdClOH 
1.98 
2.6 
2.4 
6.59 
CdOH+ 
Cd(OH)2 
Cd(OH3)- 
Cd(OH)4-2 
3.92 
7.65 
8.7 
8.65 
Mg2+ MgCO3 
MgHCO3+ 
2.92 
11.34 
MgSO4 2.26   MgOH+ 2.21 
Ca2+ CaCO3 
CaHCO3+ 
3.2 
11.6 
CaSO4 2.36   CaOH+ 1.4 
Na+ NaCO3- 
NaHCO3 
1.29 
10.08 
NaSO4- 0.73     
 
 
In order to evaluate the change in water quality parameters (in particular, the changes in pH and alkalinity) due to 
precipitation of otavite, the developed model comprises two parts. The first part describes the water quality 
calculations for the case where there is no interaction with the solid phase (i.e. conditions of under-saturation with 
respect to otavite along with the absence of solid CdCO3 at the addressed location). Consequently, in this case, 
precipitation or dissolution will not occur. This part of the model returns the relevant water quality parameters to the 
second part of the model; the second part solves the rate of precipitation/dissolution of otavite. Obviously, the model 
is written in such a way that the dissolved Cd(II) decay rate (i.e. otavite precipitation) is positive for supersaturation 
conditions, negative for conditions of under saturation, and equal to zero for undersaturation combined with the 
absence of solid otavite. In other words, in case of undersaturation, a negative decay rate (i.e., dissolution of otavite) 
would take place only if solid otavite is present in the water. To conclude, the second part of the model calculates 
the changes in the water quality parameters due to otavite precipitation/dissolution. The second part of the model 
returns the relevant water quality parameters to the first part, for further calculating the water quality, and so forth. 
Evaluating the saturation state is required for choosing the correct route of calculation of the second part of the 
model, that is, either dissolution/precipitation or “no interaction with solid phase. This is achieved by comparing the 
concentration product [Cd2+][CO32-] (generally denoted Q) with the apparent solubility product constant, K’sp. The 
concentrations of dissolved cadmium and carbonate are given as output from the first calculation part to the second, 
in order to compare Q to K’sp. The concentration of cadmium is calculated according to Eq. (4) 
> @ > @2Cd Cd - Cd-LdissTOTª º  ¬ ¼ ¦    (4) 
Where, 6[Cd-L] represents all the Cd(II) complexes: 
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 (5) 
In order to calculate the change in water quality with time (or, along the WDS), the rate of CdCO3 precipitation 
and of chlorine decay are calculated. Accordingly, the change in alkalinity is calculated. The rate of CdCO3 
precipitation was assumed to resemble the rate observed by [8], since the conditions applied in the experiments 
conducted in this research are relatively representative of the conditions prevailing in common WDS, besides the 
fact that in their experiment pH was kept constant and CO2 and NaOH were dosed to the system, resulting in almost 
constant carbonate (CO32-) concentration. On the other hand, in a real WDS, in case CdCO3 precipitates, pH, CT and 
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the concentration of CO32- are reduced. Despite this difference, the current model is based on the rate established by 
[8], since to date this is the only available data. The rate constant, kCdCO3(s) evaluated from the results of [8] is 0.35 
(1/d). The precipitation kinetics is thus represented by:  
> @  3( )CdCO 3(s)3(s)
3(s)
' ' & CdCO 0CdCdCO
0 ' &CdCO 0
s
sp
sp spdiss
sp
sp
Q K
k Q K Q Kd TOTd
K
dt dt
Q K
­ c§ · t  !° ¨ ¸¨ ¸c   ® © ¹°   ¯
 (6) 
 
Where, [TOTCd]diss stands for the total concentration of dissolved Cd(II). 
 
The conditions reported in [8] correspond to a fixed pH value and constant dosage of CO2 (i.e. almost constant 
CO32- concentration) and without the presence of additional metals and sulphate; therefore, it can be assumed that 
the concentration of 6Cd-L was negligible compared to the concentration of [Cd2+]. Consequently, the concentration 
of Cddiss can be assumed equal the concentration of free cadmium, i.e. [Cd2+]. In addition, it was assumed that the 
ionic strength did not change considerably due to precipitation/dissolution, and therefore K’sp remained constant 
with time. Accordingly, Eq.(6) transform into: 
> @    2+1 2 3(s)3(s)
3(s)
Cd ' ' & CdCO 0CdCdCO
0 ' &CdCO 0
sp spdiss
sp
C C Q K Q Kd TOTd
dt dt Q K
­ ª º  t  !° ¬ ¼   ®   °¯  (7) 
 
Where, 
3(s)1 CdCO 2
C = k C , and 2 5.42 3 10sp spC K CO Kc cª º  ¬ ¼ . The value of C2 was calculated based on evaluation 
of the carbonate concentration present in [8] i.e., 10-5.4 M. 
 
The rate of chlorine decay is represented by first order decay with a rate constant kb of 4 (1/d) [6]:  
> @ > @2 2Cl ClT b Td kdt        (8) 
Consequently, the rate of alkalinity decay and CT decay are calculated (Eq. (9) and (10), respectively) in order to 
calculate all other water quality parameters at each time and location downstream the WDS. 
  > @ > @2Cd Cl2 Tdissd TOT dd alk
dt dt dt
      (9) 
  > @CdT dissd TOTd C
dt dt
     (10) 
3. Example application 
The above described model was applied on BWSN1 network [10]. The network comprises 126 nodes, 168 pipes, 
2 pumps, 8 valves, 2 tanks and a constant head source. The system was subjected to a demand flow pattern of 48 h. 
The characteristics of the water quality delivered from the source represent typical composition of groundwater in 
Israel and are listed in Table 2.  
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Table 2. Characteristics of the water quality delivered from the source in all simulation runs 
Temperature 
(K) 
Alkalinity 
(mg/L as CaCO3) 
CT 
(molar) 
Mg(II) 
(mg/L) 
Cl(-I) 
(mg/L) 
Ca(II)  
(mg/L) 
Cl2T  
(mg/L) 
SO4(-II)  
(mg/L) 
Na(I)*  
(mg/L) 
298 260 0.0056 20 250 35 1.0 50 210 
* calculated based on electroneutrality 
 
 
CdCl2 intrusions were set for 5 h duration starting from the third simulation hour. The injection was conducted in 
junction 23 and the contamination level varied between 0.05 and 50 mg/L. Each simulation performed for a period 
of 10 days following the contamination event. The network layout, the injection node and the monitored nodes are 
illustrated in Figure 1. 
Fig. 1. Example application of the model on BWSN 1. Injection location and monitoring nodes 
 
Initial conditions are required for all water quality parameters that are variants of location and time. In the 
example application, there is a constant source water quality. In addition, the only parameters that change with time 
are total dissolved cadmium concentration along with inorganic carbon, and free chlorine. Consequently, also the 
alkalinity changes with time. As described in section 2. The above were obtained by simulating a simplified model 
for numerous demand cycles until a periodic behavior was observed. 
 
Figures 2 and 3 illustrate the calculated pH value and alkalinity concentration with time in the monitored nodes 
for five different Cd(II) contamination scenarios: a base run representing no CdCl2 contamination and four 
contamination scenarios of introduction of cadmium concentrations of 0.05, 0.5, 5 and 50 mg/L. The observed effect 
on the pH value and alkalinity concentration is a function of both the contaminant concentration and of time, due to 
the rate of CdCO3(s) precipitation and its moderate effect on the above parameters. In the scenarios of contaminations 
of cadmium concentrations below 5 mg/L the changes in pH and alkalinity are not visible at the monitoring nodes. 
The effect of the main contamination wave is noticeable in the injection scenarios of 5 mg/L, and in the 50 mg/L 
scenario, the effect of the contamination is observed by these indicators for a long period of time duo to significant 
contamination residues in the water tanks, and due to the assumed precipitation/dissolution rate. 
 
Legend:
Injection location
Monitored node
Junction 32
Junction 4
Junction 23
Tank 131
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Fig 2. pH values vs. time in the base run and in the four CdCl2 contamination scenarios; (a) in junction 4 ;(b) in junction 32 
 
Fig 3. Alkalinity concentrations vs. time in the base run and in the four CdCl2 contamination scenarios; (a) in junction 4; (b) in junction 32 
Precipitation and dissolution of CdCO3(s) as described in Eq. (6) or (7) can be observed in the water tanks of the 
system. Fig. 4 illustrates CdCO3(s) precipitation and dissolution trends. Figure 4a and 4b represent contamination 
events of 5 and 50 mg/L, respectively. In both cases the contamination reached the tank 10 hours after the 
simulation began. In both cases, as the Cd(II) wave reached the tank it brought both dissolved Cd(II) (denoted also 
[TOTCd]diss in this work) and solid CdCO3 that had precipitated upstream of the tank and flowed with the solution 
into the tank. The sum of dissolved Cd(II) and solid CdCO3 is denoted TOTCd. In the 5 mg/L contamination event, 
the contamination wave did not result in supersaturation conditions in the tank, as observed in Fig 4a, where Q is 
smaller than K’sp in all times. On the other hand, in the 50 mg/L contamination event, the contamination wave led to 
(a) (b) (a) (b) 
(a) (b) 
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supersaturation conditions in the tank, as observed in Fig 4b, where at t=10 h Q > K’sp. This led to precipitation of 
CdCO3, as observed by the decrease in Q and in Cd(II) concentration. The decrease in Q is a result of two processes: 
precipitation of otavite (only in Fig. 4b) and introduction of clean water to the tank (in Fig 4a and 4b). The 
introduction of water is in time intervals, represented, for example, by the steep slopes of the curves of TOTCd in 
both cases. In Fig. 4b, it is observed that these two processes eventually led to a saturation state (at t≈93 h). 
Thereafter, due to the ongoing introduction of clean water to the tank, undersaturation conditions were formed. As a 
result, the solid otavite started to dissolve into the water, and Q increased again, until it reached the value of K’sp. 
This process was circular and repeated itself until t≈216 h, at which all the CdCO3(s) has dissolved.  
 
Fig 4. Values of Q, K’sp, [TOTCd]diss, CdCO3(s) and TOTCd vs. time in tank 131 for 5 and 50 mg/L contamination scenarios, Figure (a) and (b), 
respectively 
4. Conclusions 
A detailed chemistry-based model for simulating cadmium contamination events was developed for WDS 
conditions. The model can account for both under-saturated and super-saturated conditions with respect to CdCO3(s). 
Models as the one described herein can be utilized for estimating the effect of cadmium contamination events on 
water consumers and to assist in strategic design of early detection systems. The described methodology can be 
adjusted in order to model other toxic heavy metals, such as lead, arsenic and mercury. 
The results of the model show, for the given water quality and WDS, that the effect of cadmium intrusion events 
on the alkalinity concentration and pH value can be divided into three cases: (a) Contamination events of low 
cadmium concentrations (below 0.05 mg/L). In this case under-saturated conditions exist. Thus, in any location in 
the network, the changes in pH values were very small, and alkalinity remained constant. (b) Contamination events 
of moderate cadmium concentrations (between 0.5 and 5 mg/L) might result in super-saturation conditions. In these 
cases, in the point of injection, the changes in water quality were undetectable by commonly used equipment. 
However, since precipitation is not immediate, detectable changes in alkalinity and pH due to otavite precipitation 
can develop over time, if cadmium dilution does not take place. (c) High contamination events (above 50 mg/L). 
Such high cadmium dosages result in immediate and large enough changes in pH values. In addition, such dosages 
induce a considerable CdCO3 precipitation potential (above 0.05 mM, at the point of injection). Therefore, 
measurable changes in pH and alkalinity occur also downstream, making alkalinity and pH measurements good 
indicators for the occurrence of such contamination events. 
(a) (b) 
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The extent of the changes in pH value is not only a function of the concentration of cadmium introduced, but also 
a result of the location of the measurement node, and the buffer capacity of the water. For example, in cases of low 
buffer capacity, smaller cadmium dosages might lead to a detectable pH change. Similarly, the extent of otavite 
precipitation is also not only a function of the concentration of cadmium introduced to the system, but also a 
function of the original water quality. Thus, the changes in alkalinity shown in this work, are also representative of 
similar water qualities. 
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